Emerging evidence supports that central hemodynamics might be superior to brachial blood pressure (BP) in the prediction of cardiovascular events and target organ damage. [1] [2] [3] The issue is how to measure central hemodynamics noninvasively and accurately. The SphygmoCor device (AtCor Medical, Sydney, Australia) has been commercially available for more than a decade, and used extensively in epidemiological 2,4,5 and clinical studies. 6, 7 It directly records radial pulse waveform using applanation tonometry, employs a generalized transfer function to obtain central aortic pressure waveform, and then with the calibration of brachial BP and the assumption of constant mean arterial pressure over large arteries derives central systolic BP and pulse pressure. [8] [9] [10] [11] Because, in the use of the SphygmoCor device, radial pulse waveforms are calibrated with brachial BPs measured with a sphygmomanometer, errors of the cuff measurement would also be incorporated into the estimation of central BP. 12, 13 In comparison with the intra-arterial measurement at the brachial artery, the cuff measurement underestimates systolic BP. 14 In the last years, several studies challenged the use of the SphygmoCor device in the estimation of central BP because of a significant deviation from pressures measured with the invasive technique, but did not properly acknowledge the cuff measurement as the major source of bias. 15, 16 The recent introduction of another device (Omron HEM-9000AI; Omron Healthcare, Kyoto, Japan) into the market further complicated the issue. 17 The Omron device also records radial pulse waveform, with the calibration of brachial BP, derives the pressure at the second peak of systole, and then calculates central systolic BP using a regression equation with second peak of systole as a major independent variable. 17 The central systolic BP provided by the Omron device under many instances is higher than brachial systolic BP, 18 which contradicts the fact that systolic pressure in general increases from the central aorta to the brachial artery. 1, 19 To the best of our knowledge, until recently, this device has not been validated against the invasive catheter measurement by an independent research group. 
Background
To investigate the accuracy of the Sphygmocor and Omron Hem9000-AI devices in the estimation of central blood pressure (bP) in comparison with the simultaneous invasive catheter measurement.
Methods
The radial arterial pulse was sequentially recorded by the use of the Omron and Sphygmocor devices in 33 patients, with the calibration of the brachial oscillometric bP, to derive central bPs, which were also measured simultaneously with a catheter-based fluid-filled manometer system. The procedure was repeated three times to obtain 99 pairs of noninvasive and invasive measurements.
results
The noninvasive central systolic bP estimations were significantly (P < 0.001) associated with the invasive measurement at the ascending aorta, with a correlation coefficient of 0.91 and 0.90 for the Sphygmocor and Omron devices, respectively. However, both devices underestimated central systolic bP with a difference of −15 mm Hg (95% confidence interval (cI), −17 to −13 mm Hg, P < 0.001) for Sphygmocor and −2 mm Hg (95% cI, −4 to 0 mm Hg, P < 0.05) for Omron. In comparison with the invasive catheter measurement at the brachial artery, the oscillometric Omron device underestimated brachial systolic bP by −19 mm Hg (95% cI, −23 to −15 mm Hg, P < 0.001).
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In the present study, we investigated the SphygmoCor and Omron devices in the estimation of central systolic BP in comparison with the invasive catheter measurement.
Methods
Subjects.
Patients hospitalized in the Department of Cardiology in Ruijin Hospital (Shanghai, China) would be potentially eligible for inclusion in the present study, if they were in the age range from 40 to 85 years, and underwent coronary angiography and/or percutaneous coronary intervention, if they did not have cardiac arrhythmia, pacemaker implantation, severe valvular heart disease, acute coronary syndrome within 7 days, or left ventricular ejection fraction less than 50%, and if the difference in systolic BP between the two arms was not more than 5 mm Hg. The study protocol was approved by the Ethics Committee of Ruijin Hospital, Shanghai Jiaotong University School of Medicine (Shanghai, China). All patients gave written informed consent.
Of the 44 enrolled participants, 11 were excluded because of the failure to measure central BP by the Omron device (n = 3), or because of frequent atrial or ventricular ectopic beats (n = 3), severe valvular heart disease (n = 3), or left ventricular ejection fraction less than 50% (n = 2), identified during the invasive or noninvasive measurements. Thus, the present analysis included 33 participants, which as planned, was exactly in accordance with the number of participants required by the European Society of Hypertension International Protocol for the validation of BP measuring devices in adults. 20 Hypertension was defined as a BP of at least 140 mm Hg systolic or 90 mm Hg diastolic, or as the use of antihypertensive drugs for controlling BP. Diabetes mellitus was defined as a plasma glucose level of at least 126 mg/dl fasting or at least 200 mg/dl at 2 hours after glucose load, or as the use of antidiabetic drugs or insulin. Dyslipidemia was defined as a serum concentration of triglycerides, total cholesterol, or low-density lipoprotein cholesterol of at least 200 mg/dl, 240 mg/dl or 160 mg/dl, respectively, a serum concentration of high-density lipoprotein cholesterol of 35 mg/dl or lower, or as the use of lipid lowering drugs. Coronary artery disease was diagnosed visually if luminal diameter narrowing was equal to or greater than 50% on at least one of the major epicardial coronary arteries.
Noninvasive assessment of central and brachial BPs. The noninvasive measurement of central BPs was performed in the supine position using the SphygmoCor and Omron devices, while the patient was lying on the catheterization table with the left arm stretching out and the palm up. The left radial arterial pulse wave was recorded by the Omron device after a brachial BP was measured oscillometrically with the same device. Then, the radial arterial pulse wave was also recorded by the SphygmoCor device. The same brachial BP measured with the Omron device was used for the calibration of radial pulse waveform. For each patient, the above described procedure was repeated for at least three times to obtain three paired estimations of central BP by both devices.
Invasive measurement of central and brachial BPs.
Simultaneously with the noninvasive recording of the radial arterial pulse wave, BP was measured invasively with a 6 Fr diagnostic catheter (Infiniti Angiographic Catheter; Cordis, Miami, FL) attached to a fluid-filled manometer system (Mac-Lab Hemodynamic Recording System; GE Healthcare, Milwaukee, WI). The transducer was kept at the level of midaxillary line during the examination and zero calibrated to atmosphere before catheterization. The catheter (100 cm long, 1.45 mm of inner diameter, and 0.28 mm of wall thickness) was inserted through the right radial artery with its tip steadily positioned in the ascending aorta. The frequency characteristic of the manometric system was determined by the flush test. 21 The natural frequency was confirmed to be greater than 20 Hz, and the damping coefficient was not less than 0.3. The invasive right brachial BP was measured from the right arm via a 6 Fr radial introducer sheath (Glidesheath; Terumo Medical, Tokyo, Japan) attached to the same manometer. The radial sheath (16 cm long and 2.08 mm of tip inner diameter) was advanced from the right radial artery with its tip at the end of brachial artery. The pressure waves were recorded in the ComboMap Pressure and Flow System (Volcano, San Diego, CA) and analyzed offline with the ComboMap software.
Statistical analysis. Data analysis was performed using the SPSS software (version 19.0; SPSS, Chicago, IL). The intraclass The central systolic BPs estimated with both noninvasive devices were significantly (P < 0.001) and closely correlated with the catheter measurement at the ascending aorta, with an intraclass correlation coefficient of 0.91 and 0.90 for the SphygmoCor and Omron devices, respectively (Figure 1) . However, both devices significantly underestimated central systolic BP with an average difference of −15 mm Hg (95% CI, −17 to −13 mm Hg, P < 0.001) and −2 mm Hg (95% CI, −4 to 0 mm Hg, P < 0.05) for the SphygmoCor and Omron devices, respectively ( Table 2 and Figure 1) . The correlation coefficient for the differences between and the mean values of the noninvasive and invasive central systolic BPs was −0.10 (P < 0.05) and 0.08 (P = 0.09) for the SphygmoCor and Omron devices, respectively. Because the Omron device does not provide central diastolic BP estimation, we only compared the noninvasive estimations of diastolic and pulse pressures by the SphygmoCor device against the invasive measurement. Diastolic BP and pulse pressure estimated by the SphygmoCor device were also significantly (P < 0.001) and closely correlated with the invasive measurements, with an intraclass correlation coefficient of 0.74 and 0.93, respectively. The mean difference between the noninvasive and invasive measurements was small for diastolic BP (P = 0.91), and of similar amplitude as systolic BP for pulse pressure (P < 0.001, Table 2 ). The correlation coefficient for the differences between and the mean values of the noninvasive and invasive pulse pressures was −0.18 (P < 0.001).
comparison between the noninvasive and invasive brachial BPs
The oscillometrically measured brachial BP was significantly (P < 0.001) and closely correlated with the invasive catheter measurement at the brachial artery, with an intraclass correlation coefficient of 0.89, 0.84, and 0.87 for systolic, diastolic, and pulse pressure, respectively (Figure 2) . However, the Table 2 and Figure 2) . The correlation coefficient for the difference between and the mean values of the oscillometric and invasive measurements was −0.28 (P < 0.01) for systolic BP and −0.41 (P < 0.001) for pulse pressure. We then computed systolic pressure amplification from central aorta to brachial artery by subtracting central from brachial systolic BP for the invasive catheter technique, and for the SphygmoCor and Omron devices, separately. The mean (s.d.) systolic pressure amplification was 18 (13), 12 (6) , and −1 (10) mm Hg, respectively.
discussion
To the best of our knowledge, our study was the first that simultaneously validated the SphygmoCor and Omron devices in the estimation of central BP against the invasive catheter measurement. The noninvasive and invasive central systolic BPs were highly correlated. However, neither SphygmoCor nor Omron was able to provide accurate assessment of "real" aortic pressure values, although the underestimation was less substantial by Omron than SphygmoCor. The greater underestimation by SphygmoCor was apparently introduced from the cuff measurement of brachial BP.
Our finding on the comparison between SphygmoCor and Omron is in line with the results of a recent study that compared these two devices. 18 In 33 subjects recruited in the United Kingdom, Richardson et al. found that the estimated central systolic BP was 12 mm Hg lower with the SphygmoCor than Omron device. Of course, without invasive catheter measurements in this study, it is difficult to judge which device is more accurate. These similar findings across populations suggest that the difference in the estimation of central systolic BP is inherent with their technological differences, and that central BP values are not exchangeable between the two devices, and device specific reference values would be required for clinical decisions, if any.
Our finding on the comparison between the SphygmoCor device and the catheter measurement is also in keeping with original contributions
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the results of previous studies in two different populations. 15, 16 Whenever the sphygmomanometrically measured brachial BP was used for the calibration, the SphygmoCor device substantially underestimated central systolic BP. The differences varied from −13 mm Hg in Caucasians 15 to −4 mm Hg in Chinese. 16 As these previous studies 15, 16 and present research clearly indicated, and O'Rourke repeatedly argued, 13 it is the brachial BP measured with cuff rather than the generalized transfer function, which is the "criminal" source of this systemic error. However, the paradoxical point is that brachial BP measured with cuff is still the core in the definition and management of hypertension, and hence indispensable now and in the foreseen future. The way forward for the SphygmoCor device, therefore, is either to give up the dependence on the use of cuff pressure for calibration, which is very unlikely, to use parameters largely independent of the level of cuff pressure, such as augmentation index or pressure amplification from central aorta to the brachial arteries, which is the difference or ratio between the brachial and central pressures, or simply to continue with the current recommendations, 1 since superiority of central pressure over brachial cuff pressure in monitoring therapeutic effects 6, 22 and predicting cardiovascular events 2, 3 has been well established on the basis of the SphygmoCor technique.
The manufacturer of the Omron device was aware about the influence of the cuff pressure on the estimation, and accounted for the difference between the cuff and catheter brachial BPs in the development of their algorithm for the estimation of central BP. 17 To avoid using generalized transfer function, the Omron device estimates central systolic BP using a regression equation that includes the second peak of systole in the radial artery, while accounting for several major confounding variables, such as sex and age. These technological approaches bridged to some extent the gap between the noninvasive and invasive central blood measurements, but also introduced more random errors, as suggested by the more prominent dispersity in the differences between the noninvasive and invasive measurements. Because of the technological differences between SphygmoCor and Omron, the Omron device apparently requires its own reference values as diagnostic thresholds. Finally, the fact that central BP provided by the Omron device is often higher than brachial cuff BP may also be disturbing.
Our study has to be interpreted within the context of its strengths and limitations. One of major strengths of our study is that two devices have been simultaneously validated against the invasive catheter measurement. In addition, the oscillometrically and invasively measured brachial BP were also compared. However, all of our study subjects were treated with drugs that may influence central BP measurements. One cannot determine whether the noninvasive measures are confounded to different extents by various drug treatments. The absence of an untreated normotensive group is a limitation of our study. In addition, we used a fluid-filled catheter to measure central BPs, which is known to have the occasional phenomena of excessive damping and attenuation resulting suboptimal BP waveforms. 23 However, it has the advantage of a stable external zero, while a catheter-mounted sensor records an offset which depends on the vertical position of the sensor in the body.
In conclusion, the noninvasive assessment of central systolic BP is highly correlated with the invasive catheter measurement, but inaccurate in the estimation of "real" aortic pressure values, because of systemic errors from the inaccurate sphygmomanometer for SphygmoCor, and because of random errors from the regression equation for Omron. Nonetheless, these devices can be properly used in the research setting, on the condition that diagnostic thresholds specific for a certain device become available. In the clinical setting, where we accept brachial cuff pressure as the current standard in the care of hypertension, we need to recognize that this correlates with, but actually differs from intra-arterial brachial pressure measurement.
